Aqueous precursors provide an alluring approach for low-cost and environmentally friendly production of earth-abundant Cu2ZnSn(S,Se)4 (CZTSSe) solar cells. The key is to find an appropriate molecular agent to prepare a stable solution and optimize the coordination structure to facilitate the subsequent crystallization process. Herein, we introduce thioglycolic acid, which possesses strong coordination (-SH) and hydrophilic (-COOH) groups, as the agent and use deprotonation to regulate the coordination competition within the aqueous solution. Ultimately, metal cations are adequately coordinated with thiolate anions, and carboxylate anions are released to become hydrated to form an ultrastable aqueous solution.
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Generally, metal sulfide compounds or complexes are insoluble or easily precipitate within an aqueous solution due to poor hydration. 48 Thus, molecular engineering of organic ligands with hydrophilic groups may help stabilize CZTSSe (or Cu, Zn and Sn) aqueous precursors.
Thiols engage in strong coordination interactions with metal cations and have been widely used in the chemical synthesis of metal sulfide films in non-aqueous precursor systems. [49] [50] [51] Thiols with hydrophilic groups, such as carboxyl, hydroxyl and amine moieties, should be useful in constructing CZTSSe aqueous precursors. 52 Thioglycolic acid (TGA), which has a lower GHS risk level and low cost, is the most promising water-soluble ligand. 53 Owing to these potential advantages, TGA was once used for aqueous CZTSSe precursor preparation. [54] [55] [56] However, the resulting efficiency of 7.38% is still much lower than that of the hydrazine and other organic systems. This mainly arises because (1) the fundamental coordination chemistry of this aqueous system has not been clearly understood and (2) that how to precisely manipulate the complexes structure of TGA-metal to facilitate its application in CZTSSe solar cells has not been studied. Herein, we systematically investigate the coordination engineering in the Cu-Zn-Sn-S aqueous precursor solution. The competition between metal-S and metal-COO coordination interactions has been manipulated by adjusting the deprotonation degree of TGA in solution. In the optimal structure, the metal cation is adequately coordinated with thiolate anions, and the carboxylate anions are released to become fully hydrated, thus facilitating the formation of an ultrastable metal-TGA aqueous solution and improving the nucleation and crystallization of the CZTSSe thin film. Our strategies enable the fabrication of CZTSSe solar cells with a remarkable efficiency of 12.2% and a certified efficiency of 12.0%, which is the best result for CZTSSe solar cells among the aqueous precursor systems investigated to date. This significant progress in the non-toxic solution fabrication of CZTSSe solar cells brings great promise for the future development of CZTSSe solar cells.
Results and Discussion

Coordination competition between metal-S and metal-O
As a preliminary attempt, metal oxides, such as CuO, ZnO and SnO, were added to an aqueous TGA solution, and the mixture was continuously stirred for several days. 5 Unfortunately, these metal oxides have limited solubility in the TGA solution ( Supplementary   Figure 1 ) and the obtained mixtures cannot be used as precursors for CZTSSe film deposition.
Nonetheless, we found chemical reactions had occurred within these solid-liquid mixtures, and new complexes formed, as evidenced by the apparent colour change of the added solids.
For instance, the colour of the CuO powder changed from black to white, that of SnO changed from black to light brown, and the precipitate in the ZnO system remained white but fluffy (Figure 1(a) ). These results are positive because chemical or coordination reactions are usually the first step in the dissolution of metal oxides, sulfides or elementary substances. Proposed structures of the metal oxide-TGA insoluble products. Within these structures, almost all the carboxylate groups are coordinated to metal atoms rather than exposed to the surrounding water molecules to facilitate dissolution.
Chemical reactions between these metal oxides and TGA in an aqueous solution were investigated by Fourier transform infrared (FTIR) spectroscopy of the precipitation products ( Figure 1(b) ). Notably, Cu(II) was reduced to Cu(I) in the presence of excess TGA, resulting in the formation of HOOCCH2S•SCH2COOH (di-TGA) as a byproduct. 57 The presence of di-TGA was confirmed according to 13 C nuclear magnetic resonance (NMR) spectra of the supernatant (Supplementary Figure 2) . We further found that Sn(II) can be oxidized to Sn(IV) by the di-TGA while generating TGA as coordinating ligand. When both Cu(II) and Sn(II)
were present in the system, a redox reaction occurred between them to form Cu(I) and
Sn(IV). 30 Thus to imitate the actual reaction within the Cu-Zn-Sn-S precursor in the spectra study of individual metal oxide-TGA systems, stoichiometric di-TGA was added to oxidize Sn(II) to Sn(IV). In the spectra of pure TGA, characteristic absorption bands for both the S-H and COOH groups are clearly observed at ~2570 cm -1 and ~1714 cm -1 , respectively. [58] [59] [60] [61] Changes in the absorption bands are observed after the reaction. First, the disappearance of the S-H stretching vibration in the spectra of the ZnO-TGA and SnO-TGA products implies that the S-H group was deprotonated, allowing S to coordinate to the metal atom. 58 This change was realized through a metal oxide-thiol reaction, releasing H2O as another product.
Second, a new peak at ~1570 cm -1 is observed for all three solid products, which mainly arises from the asymmetric stretching of COOand is accompanied by a symmetric stretching peak in the low-frequency region, 58, 61 as depicted by arrows in Figure 1 (b). This FTIR spectral change indicates that the COOH group was also deprotonated through the metal oxide-acid reaction, resulting in coordination between the oxygen (COOgroup) and the metal atoms. Unlike the reaction products of ZnO and SnO with TGA, the products of the reaction with CuO still gave rise to a S-H absorption band, most likely because Cu coordinated only with COOto form HSCH2COOCu at low pH. 62 On the basis of these spectral signatures, possible reactions between TGA and these metal oxides were proposed (Supplementary Scheme 1), and possible structures of the produced metal-TGA complexes are presented in Figure 1 (c). It is clear that both deprotonated thiol and carboxyl groups coordinated to Sn and Zn, while only the carboxylate group coordinated to Cu. In these structures, the polarity of the carboxylate group is significantly weakened, and its hydrophilic characteristics cannot be fully expressed. Therefore, to enhance the solubility of the metal-TGA complexes, the carboxylate group must be adequately released to be hydrated by 7 the surrounding water molecules by substituting the metal-carboxylate coordination with metal-thiolate coordination.
Figure 2. Coordination engineering route within the aqueous Sn-TGA solution.
Deprotonation of the thiol group could enhance its coordination to the Sn atom and thus facilitate substitution of the Sn-COO coordination. Different degrees of deprotonation will result in varied Sn-TGA complexes. Ultimately, the Sn is completely coordinated with the Sgroups, and the COOis fully exposed to hydrate with the solvent surroundings, which helps to form a stable Sn-TGA aqueous solution.
Engineering of coordination structures
However, within the acidic or neutral TGA/water environment, metal-thiolate coordination cannot easily be fully realized because thiol groups are usually difficult to deprotonate to form R-S -(R: HOOCCH2) with strong metal complexing ability. [63] [64] [65] [66] Thus, the above desired substitution process can be achieved only when ionization (i.e., deprotonation) of the thiol group of the TGA is enhanced. 49 Figure 2 structure and ultimately the Sn-TGA-4 structure. Within Sn-TGA-4, the Sn atom is completely coordinated by R-S -, and all the carboxylate groups are exposed to water molecule surroundings. This coordination structure should be able to form a more stable (or the most stable) Sn-TGA aqueous solution. For the Cu-TGA and Zn-TGA complexes, similar coordination substitution processes should also be realized ( Supplementary Figure 3) , thus helping to prepare stable and effective CZTSSe precursors.
The above coordination substitution processes depend highly on deprotonation of the -SH group. Increasing the pH of the solution is the simplest, most reliable and most widely used method to facilitate this process. 67, 68 Ammonia (NH3•H2O) is the best candidate for this purpose because it does not introduce any metal or carbon impurities and can be easily removed at relatively low temperatures. These advantages prompted us to use ammonia to regulate the aqueous system, and positive results were obtained. The molar ratio between ammonia and TGA was the main variable, while the concentrations of both TGA (4 M) and
the metal (0.4 M) were held constant for simplicity. Distinct variations in the Cu-Zn-Sn-TGA system were observed when the amount of ammonia was increased ( Supplementary Table 1 and Supplementary Figure 4 ). Specifically, the metal oxides were completely dissolved when the NH3/TGA ratio approached 1.0, and the solution colour changed from dark amber to light yellow when the ratio approached 2.0 (Supplementary Figure 5 ). These phenomena indicate changes in the metal-TGA complexing structures within the aqueous solution. Solution
Raman scattering and NMR spectroscopies, which are sensitive to coordination structure and chemical environment, were used to trace the coordination chemistry of this solution system. 51, 69 To obtain comprehensive information, Cu-Zn-Sn-TGA, Cu-TGA, Zn-TGA and Sn-TGA were all studied in our measurements. Within the wide-region Raman spectra, the characteristic scattering signals attributable to SH Figure 6-7) . 67, 68 The C=O stretching frequency in the pure TGA aqueous solution is 1714 cm -1 . The apparently depolarized CH2 bending frequency at 1395-1400 cm -1 , clearly visible in the un-ionized acid, is present in all states of deprotonation.
Upon ionization of the carboxyl group, the Raman peak at 1395-1400 cm -1 is partially masked by the very intense symmetrical stretching frequency of the ionized carboxyl, and the asymmetrical stretching frequency of the latter (1550-1575 cm -1 ) also appears. The ν (CH2) intensity at ~2935 cm -1 is almost independent of the amount of ammonia, which is in good Figure 9 ). Therefore, based on the changes in the low-frequency Raman scattering signals, we can confirm that the coordination substitution reaction from Sn-O to Sn-S indeed occurred when the NH3/TGA ratio exceeded 1.0. This finding agrees well with the substitution processes schematically presented in Figure 2 . For the coordination of other metal atoms, we believe similar processes can also occur, although they cannot be directly probed by Raman scattering.
This replacement of one of the bidentate carboxylate O atoms by Sconsumes more R-Sgroups and thus results in a reduction in the SH concentration ( Supplementary Scheme 2) , which can be quantitatively reflected by the ν (SH) intensity in the Raman spectra. 64 The CH2
band at 2935 cm -1 was chosen as an internal standard since all the evidence indicated that the intensity of this band was not substantially affected by the change in the NH3/TGA ratio ( Supplementary Figure 8 ). For clarity, the initial ν (SH) intensity relative to the ν (CH2) intensity (Iν (SH)/Iν (CH2)) for these samples is set to be the same by adding certain values. It is apparent that in the pure TGA solution, the Iν (SH)/Iν (CH2) value remains unchanged when the ratio is lower than 1.2 and then exhibits an obvious decline, indicating significant deprotonation of the SH group. When the metal oxides are dissolved, a certain proportion of SH is consumed in the initial stage to react with metal oxides and coordinate to the metal atoms. At low NH3/TGA ratios of <0.9, this initial Iν (SH)/Iν (CH2) value remains constant, implying an unchanged metal-TGA coordination structure. Compared to the solvent itself, this Iν (SH)/Iν (CH2) value begins to decrease at an obviously lower NH3/TGA ratio of ~0.9, implying that the coordination substitution (from metal-S to metal-O) accelerated the pH-induced deprotonation of the SH group. This result is strong support for the observed coordination substitution process. From these intensities, we can further estimate the coordination number of the metal-S (Supplementary Note 1) and trace the variations. Clearly, the coordination number of all the metal atoms has increased at higher NH3/TGA ratios ( Figure 3d ), further confirming the coordination substitution process that we have proposed.
More evidence was gathered from independent NMR characterizations (Figure 3 layer. These morphological differences arise from the distinct nucleation properties between these two samples. The 2.0-ratio sample possessed a much higher nucleation velocity and density than the other samples, serving as an important foundation for subsequent crystallization and ripening processes.
Essentially, these nucleation and mass transport properties are closely correlated with the activity of the metal elements within the CZTSSe precursor film. For the sample with a low NH3/TGA ratio, carboxylate groups occupied a significant proportion of coordination sites around the metal atoms. The strong binding between the bidentate oxygen and the metal atoms that remained in the precursor film limited the interdiffusion ability of the metal atoms and thus suppressed the nucleation and mass transport processes. 75 Comparatively, metal sulfides exhibited much higher reactivity within the selenization process, thus affording better crystallization morphology. in our laboratory measurement ( Supplementary Figure 10) , which is the highest among the aqueous precursor systems studied to date and is comparable to that of the DMSO system. 42 Certification of these CZTSSe cells yielded a high efficiency of 12.0% (Supplementary . This on the one hand arises from a better CZTSSe film morphology and, on the other hand, benefits from a lower material defect density and slower charge recombination velocity ( Supplementary Figure 13 ). Owing to the stable metal-TGA coordination structure and its adequate hydration through the exposed carboxyl groups, the aqueous precursor solution exhibited ultrahigh stability for several months without the appearance of any solid precipitation or opaque suspensions. These stored precursors can still be used to fabricate efficient solar cells without any decline in efficiency, as presented in Figure 5(d) . This result highlights another advantage of our system, that is, precursor stability, which should be considerably higher than those of previous systems based on nanocrystal or colloid dispersions. Such high precursor stability provides an extremely wide time window for the industrial production of CZTSSe solar cells.
Conclusions 16
The coordination structure of the metal-TGA has been systematically engineered by promoting deprotonation of the thiol group. Through engineering, the metal-S bond dominates the coordination, and the terminal carboxyl group is adequately exposed to hydration by the surrounding water to form an ultrastable precursor at the molecular level. 
